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Introduction
In the study the dynamics of H + in water, a dissociable water model is essential to describe how water solvent molecules can participate in ionic chemistry through dissociation and reassociation of H + in OH + ion, and could provide formation energies and structures of both protonated-water and water-only clusters that agree favorably with ab initio calculations used the Mφller-Plesset second-order perturbation method (MP2) 4 based on the restricted Hartree-Fock wave function.
It is reported that the best results were obtained using the OSS3 potential and that the OSS2 model potential also gave good results, but usually exhibited too large bond angles for water molecule. 2 When that deficiency was not a serious problem for the application at hand, the OSS2 model was a preferred choice for simulation studies, because of the faster and less elaborate computer-code implementation as compared to the OSS3 model.
In the previous paper, 5 the OSS2 model as a dissociable water model is examined for the future study of the dynamics of H + in water. Molecular dynamics (MD) simulations for 216 water system, 215 water + H + ion system, and 215 water + OH − ion system using the OSS2 model at 298.15 K with the use of Ewald summation were carried out. The calculated O-H radial distribution functions for these systems were essentially the same and were in very good agreement with that obtained by Ojäme. 6 This result confirmed that our method to calculate the induced dipole moment at each oxygen site within the Ewald summation is valid even though our method for the Ewald summation is different from that of Ojäme. 6 In this paper, a further examination of the OSS2 model for H 2 In Section II, we present the molecular models and MD simulation method. We discuss our simulation results in Section III and present the concluding remarks in Section IV.
Molecular Models and Molecular Dynamics Simulation Methods
In the OSS2 potential model, the total energy is given by V tot (r 1 , r 2 , ..., r n O +n H ) = V el (r 1 , r 2 , ..., r n O +n H )
The first term represents the total electrostatic energy,
where r ij = r i −r j , and T ij is the dipole tensor:
Here n O and n H are the number of oxygen and hydrogen atoms, respectively, q i is the charge on particle i (+e for
hydrogen and -2e for oxygen), µ i is the induced dipole on oxygen i and α is its polarizability, and and are the electric field cutoff functions for charge-dipole and dipole-dipole interactions, respectively. The induced dipole moment at each oxygen site can be obtained selfconsistently by imposing the conditions dV el /dµ k = 0, k = 1, 2, ..., n O :
The field cutoff function is chosen to have the following form: (5) where the different parameters a 1 and a 2 are given forrm , , and . These functions approach unity as the distance goes to infinity (unscreened charges) and zero as the distance goes to zero (fully screened charges).
The second and third terms of Eq. (1) In addition to the electrostatic and pairwise additive terms, the last term of Eq. (1) represents a three-body term. This term is short range and describes the interaction within H-O-H triplets. It has the form of a polynomial in O-H distances and H-O-H angles, times a cutoff function:
where ∆r = r−r o and ∆θ = θ−θ o with θ being the H-O-H angle. The short-range three-body cutoff function is
Efficient implementation of geometry optimization procedure or molecular dynamics methods requires that the forces acting on the particles can be evaluated analytically. The differentiation of this expression with respect to an atom position vector r i will give the total force acting on the site. All the potential parameters are given in Ref. 2 .
We used Gaussian isokinetics [7] [8] [9] [10] to keep the temperature of the system constant and Gear's fifth order predictorcorrector method 11, 12 is adopted to solve the equation of translational motion of each atom with a time step of 2.00 × 10 −16 second (0.2 fs). Since the simulated systems are a water molecule and an oxonium ion monomer, and small water clusters, we do not apply the ordinary periodic boundary condition and the minimum image convention. Also the simulated ensemble is not necessarily specified. The equilibrium properties for each system are averaged over five blocks of 200,000,000 time steps, for a total of 1,000,000,000 time steps (200 ns) for 500,000,000 time steps to reach an equilibrium state. The configuration of each ion is stored every 10 time steps for further analyses. . Here we do not apply the Ewald summation 16, 17 for the calculation of the induced dipole moment, but the iteration method to calculate the induced dipole moment at each oxygen site used in the revised polarized (RPOL) model [18] [19] [20] [21] [22] for a rigid water model is applicable. In Figure  1(a) , we display stereoscopic pictures of equilibrium configurations obtained from our MD simulations at 5.0 K for H 5 As a result of the excellent agreement in the molecular geometries, the average induced dipole moment and each energy calculated from our MD simulations at 5.0 K are also in excellent agreement. In general, the overall agreements of + ion is the most stable hydrated proton species in liquid water, being slightly more stable than the C 2 -symmetry structure of the H 5 O 2 + ion due to electronic delocalization being preferred over nuclear delocalization 23 revealed by ab initio calculation using 6-31G ** basis set with high densities around the O atoms. A slightly more stable form of H 5 O 2 + involving a longer O-O distance (2.40 Å) and hydrogen bond (1.32 Å) is found to be the C s -symmetry structure using 6-31G ** basis set. The structure of H 5 O 2 + obtained from our MD simulations (Figure 1(a) ) is close to the C ssymmetry structure. However, other more thorough ab initio treatments have found the equally-spaced hydrogen-bonded structure to be the global minimum by about 0.6 kJ/mol. 24 The presence of these three similar energy minima for the proton lying so close between the two oxygen atoms is surely the major reason for the ease of transfer of protons between water molecules; the proton moving between the extremes of triply-hydrogen bonded H 3 O + ions (H 9 O 4 + , 'Eigen cation') through symmetrical H 5 O 2 + ions ('Zundel cation'). 25 When the extra proton is shared equally between more than one water molecule the approximate structure can be deduced from a consideration of the resonance structure; for example, the two shared proton in give rise to bond lengths half way between those in (H 2 O) 2 Figures 1(b) and 1(c) , respectively. While the cluster geometry of H 7 O 3 + obtained from our MD simulations represents an oxonium ion hydrogen bonded to two water molecules with overall C s -symmetry structure, the H 9 O 4 + consists of an oxonium ion coordinating three water molecules with overall C 3 -symmetry structure which corresponds to the global energy minimum. There is another geometry for H 9 O 4 + (not shown) revealed by ab initio calculations, 26, 27 formed by adding two water molecules to an H 5 O 2 + ion. It has the C 2 -symmetry structure and it constitutes a local energy minimum. This geometry is never observed in our MD simulations of H 9 O 4 + for approximately 200 nanoseconds.
Results and Discussion
The equilibrium geometries obtained from our MD simulations at 5.0 K for H 7 O 3 + and H 9 O 4 + using the OSS2 model are compared in Table 3 O1 is the central oxygen atom, H1 is the hydrogen atom bonded to O1 but not to O2, H2 is bonded to both O1 and O2, and H3 and H4 are bonded to O2 but not to O1. See Figure 1(b) . b O1 is the central oxygen atom, H1 is the hydrogen atom bonded to both O1 and O2, and H2 and H3 are bonded to O2 but not to O1. See Figure 1( 4 The energy difference was overestimated by the restricted Hartree-Fock wave function with the 6-31G ** basis set 28 and semiempirical calculations using the PM3 method 29 which gave it as 24.6 and 44.6 kJ/mol, respectively.
Concluding Remarks
In the previous paper, 5 we have examined the OSS2 water model for 216 water system, 215 water + H + ion system, and 215 water + OH − ion system, and have confirmed that our method to calculate the induced dipole moment at each oxygen site within the Ewald summation is valid by a good agreement of the calculated O-H radial distribution functions for these systems with that obtained by Ojäme. 6 In this paper, we have further examined the OSS2 model as a dissociable water model for the future study of the dynamics of H + in water. ) obtained from our MD simulations represent a proton (and an oxonium ion) hydrogen-bonded to two water molecules with overall C ssymmetry structure, the H 9 O 4 + consists of an oxonium ion coordinating three water molecules with overall C 3 -symmetry structure which corresponds to the global energy minimum. The C 2 -symmetry structure of H 9 O 4 + constitutes a local energy minimum, but this geometry is never observed in our MD simulations of for approximately 200 nanoseconds. Confirming the validity of our method for the OSS2 model once more, a systematic investigation of the dissociation and reassociation of H + in OH 
